behaves differently in the periplasm of bacteria and in
the ER of target cells, and how it is unfolded and disassembled in the ER. Our data show that the toxin needs to be nicked in the A chain to be unfolded, and that the protein disulfide isomerase (PDI) in the ER is largely responsible for disassembly and unfolding. In this reaction, PDI does not act as an oxido-reductase, but rather as a redox-dependent chaperone. In the reduced state, PDI binds to the toxin and unfolds it, while in the oxidized state, the substrate is released. Our data suggest a role for PDI in retrograde protein transport across the ER membrane and indicate that PDI belongs to a novel class of chaperones; this class is regulated by a redox cycle and not, like conventional chaperones, by an ATPase cycle.
Results

Unfolding of Cholera Toxin by an Activity in the ER Lumen
We designed an assay that mimics the postulated disassembly of the toxin in vivo: after arrival in the ER, the B subunits should remain bound to the ganglioside GM1 in the membrane, while the A1 fragment of the toxin should be dissociated. In our assay, membrane bound ganglioside is replaced by GM1 covalently bound to polystyrene beads. Upon incubation with ER proteins, the B subunits are expected to stay with the beads and the A1 chain to be released.
The A and B subunits of the toxin were expressed in V. cholerae and the holotoxin was purified (Rodighiero et were recovered in the bound fraction ( Figure 1A , lane 1). The A subunit appeared as two bands. The upper band (A#) corresponds to the fraction of A subunit that (lane 4 versus 6). Cytosolic proteins had no effect (lane 8 versus 7). We conclude that there is a specific activity is proteolytically nicked at Arg-192, but whose two fragments, A1 and A2, remain held together by the disulfide in the ER lumen that affects the release of the A1 subunit from the rest of the toxin. In contrast to other reactions bridge Cys-187-Cys-199. The lower band is the A1 subunit (the A2 subunit is very small and does not react in which protein complexes are disassembled, no ATP seems to be required (Glover and Lindquist, 1998; Wewith the antibody). With the GSH concentration chosen, about half of the A# subunit was reduced. Since the ber-Ban et al., 1999). Next, we investigated whether the release of the A1 A1 subunit was recovered with the B subunit on the ganglioside beads, the two polypeptides must be assosubunit was accompanied by its unfolding. To this end, we developed a protease protection assay. Addition of ciated with one another by additional, noncovalent interactions, as previously described (Mekalanos et al., high concentrations of trypsin to the folded holotoxin left all polypeptide species intact ( Figure 1B , lane 2 ver-1979). To test whether the holotoxin is dissociated by ER proteins, we prepared a lumenal extract from canine sus 1). However, after the addition of an extract derived from the ER lumen, the A and A1 subunits were degraded microsomes and incubated it with the toxin beads. A significant fraction of the A1 subunit was found to be whereas the B subunit remained unaffected (lanes 4 and 6). Reduction of the disulfide bridge in the A subunit was released into the supernatant after collection of the beads (lanes 4 and 6). The efficiency of the release reacinsufficient to cause trypsin sensitivity (lane 2 versus 1). As in the release assay, the reaction was ATP indepention was unaffected by the presence or absence of ATP dent (lane 4 versus 6) and did not occur with cytosolic sulfide bridge, likely because the Cys-187-Cys-199 bond is partially buried within the folded protein (Zhang proteins (lane 8 versus 7). The fact that all the A1 chains were rendered trypsin sensitive but only some were reet al., 1995). leased from the beads may perhaps be due to some nonspecific interactions between the unfolded A1 chains Unfolding by PDI Is Dependent on Its Redox State and the hydrophobic polystyrene beads. Taken toSince PDI is an oxidoreductase, we tested whether the gether, these results indicate that the ER activity unfolds unfolding activity of PDI is dependent on the redox pothe entire A subunit; release of the A1 subunit from the tential. When purified PDI was tested under reducing rest of the toxin would then occur if the disulfide bridge conditions in the presence of GSH, it rendered the A and to the A2 subunit is broken.
A1 subunits trypsin sensitive ( Figure 3A, lane 8 versus 7) . In contrast, under oxidizing conditions in the presence of GSSG, PDI had no effect (lane 6 versus 5). Control Unfolding Is Largely Caused by PDI To identify the unfolding activity in the ER lumen, we experiments with BSA showed that the toxin remains protease resistant under both reducing and oxidizing bound the proteins of the lumenal extract to a Q-Sepharose column. Upon elution with a salt gradient, protein conditions (lanes 4 versus 3 and 2 versus 1). A mixed disulfide bond between PDI and the A1 chain could not fractions were analyzed for their ability to confer trypsin sensitivity to the A and A1 subunits. Addition of fractions be detected in the nonreducing SDS gels (not shown). PDI had the same redox-dependent unfolding activity 9 or 10 resulted in complete degradation of these toxin polypeptides ( 1-7) . The interaction between PDI and the toxin was specific for the the major unfolding activity in the ER lumen can be attributed to PDI, we immunodepleted PDI from the ex-A subunit and was not seen with isolated B subunit (data not shown), in agreement with the previous data tract ( Figure 2E , left panel, lane 2 versus 1). While mockdepleted extract confered trypsin sensitivity to the toxin demonstrating that PDI only unfolds the A subunit. Next we investigated whether the interaction of PDI A and A1 subunits, the PDI-depleted extract was inactive ( Figure 2E, right panel, lanes 6 versus 14) . Interestwith the A subunit is reversible. The two proteins were first incubated under reducing conditions (1 mM GSH) ingly, the activity of the extract was very sensitive to dilution (lane 8). PDI was also the active component in to stimulate binding. GSSG was then added at different concentrations and cross-links were induced. In the the release assay: the purified protein released the A1 subunit from toxin bound beads ( Figure 2E , lane 4 versus presence of 1 mM GSSG, cross-links could still be seen ( Figure 3D , lane 8), whereas they disappeared in the 2 and 6). We conclude that the major unfolding and disassembly activity in the ER lumen can be attributed presence of 30 or 50 mM GSSG (lanes 9 and 10). These results show that the interaction between reduced PDI to PDI. It should be noted that in both the unfolding and release assays, PDI was in an approximately 40-fold and the A subunit can be reversed by oxidation, but they also indicate that unphysiologically high GSSG conmolar excess over the toxin.
PDI is a member of a family of oxidoreductases that centrations are required. Similar results were obtained when GSH and GSSG at different concentrations were contain at least one thioredoxin domain (reviewed by Noiva, 1999) . PDI contains two such domains with a added at the same time; again cross-links were seen at low, but not high, GSSG concentrations (lanes 5-7). The characteristic Cys-XX-Cys motif, and a peptide binding region. To test whether unfolding is a general property toxin itself was mostly in its oxidized state at high GSSG/ GSH ratios (lanes 6 and 7), whereas it remained largely of the PDI family, we used DsbA, a bacterial homolog with a single thioredoxin domain. DsbA did not unfold reduced when the same high GSSG concentration was added subsequent to GSH (lanes 9 and 10). These data the toxin (data not shown). Also, this enzyme did not reduce the native A subunit, although it was perfectly show that the interaction between PDI and toxin is determined by the redox state of PDI, and not of its partner. active following denaturation of the A subunit in urea ( Figure 2G , lanes 3 and 6). In contrast, PDI could reduce Furthermore, the results indicate that the disulfide bridge in the nicked A subunit, once reduced, is ineffieven the native A subunit (lane 2). One possible interpretation is that PDI has an unfolding property that DsbA ciently reformed by the addition of GSSG.
Protease protection experiments provided evidence lacks. It would then appear that the toxin must be first unfolded before an oxidoreductase can reduce the dithat the A and A1 subunits are kept unfolded by being bacteria (Mekalanos et al., 1979) . We, therefore, tested whether cleavage is required for unfolding by PDI. We To confirm that the redox state of PDI determines its unfolding activity, we modified all cysteines of PDI with expressed a mutant version of cholera toxin in E. coli that contained an inactivating mutation of the trypsin iodoacetamide, thus blocking any reformation of disulfide bridges under oxidizing conditions. When tested in nicking site in the Cys-187-Cys-199 loop (R192G). The mutant protein was purified and its biological activity the presence of GSH, the modified enzyme was still able to render the A subunit sensitive to trypsin digestion compared with that of the wild-type protein. Figure 5A shows the time course of toxin-induced Cl Ϫ secretion ( Figure 3F , lane 6 versus 2). However, while addition of GSSG abolished the unfolding activity of the unmodified when applied to intact human intestinal T84 cell monolayers. After a 40 min lag phase, corresponding to the PDI, it had little effect on the modified enzyme (lanes 4 versus 8). Taken together, the results show that with the time required for trafficking of the toxin from its site of binding on the apical membrane to its site of action cysteines reduced, PDI is in a state where it can bind and unfold the A subunit, whereas upon formation of inside the cell, wild-type toxin induced a maximal Cl Ϫ secretory response (circles). In contrast, the R192G mudisulfide bridges, it is converted into a low binding state.
A conformational change in PDI could be demontant exhibited strongly attenuated activity (triangles). These data confirm previous studies indicating that strated directly by protease protection experiments. Under oxidizing conditions, PDI was significantly more sencleavage of the A subunit into the A1 and A2 subunits is required for efficient toxin action ( Unfolding of Cholera Toxin Our results explain why cholera toxin is assembled and in a more rapid onset and larger Cl Ϫ secretory response in T84 intestinal epithelial cells ( Figure 6A, open circles) folded in the periplasm of bacteria and disassembled and unfolded in the ER, even though both compartments when compared to a control in the absence of DTT (filled circles). The signal dropped after some time, likely normally support the folding of polypeptides. One decisive factor is that the A subunit needs to be cleaved because the intactness of the monolayer of cells was compromised. This is supported by an experiment in into the A1 and A2 fragments for unfolding to occur. The periplasm of bacteria seems to lack proteases that which forskolin, a known stimulator of protein kinase A, was added at the end of the time course; it elicited a cleave the A chain, and in this compartment, the two subunits can therefore assemble and fold into the native much weaker signal when DTT was present ( Figure 6A) . In contrast to DTT, the addition of the oxidant diamide holotoxin. Before the toxin can affect mammalian cells, it needs to be nicked, mostly by proteases secreted by completely inhibited any induction of Cl Ϫ current by the toxin (diamonds). Diamide did not inhibit the secretory V. cholerae or present in the intestinal lumen of mammals. The cleaved form of the A subunit must have response induced by forskolin added at the end of the experiment. These data are consistent with the idea that some features that allow PDI to recognize it, likely some hydrophobic segments that are transiently exposed by shifting the environment in the ER to more reducing conditions accelerates the rate-limiting step in the paththermal fluctuation of the polypeptide chains. Another possible difference between the periplasm of bacteria way used by the toxin.
To show that the DTT-induced increase in toxin action and the ER of eukaryotes is that a PDI-like unfolding activity may not exist in prokaryotes. Indeed, DsbA, one was not due to a direct effect on the reduction of the toxin itself, we generated and purified a toxin mutant of the homologs of PDI in E. coli, did not have unfolding activity Fujinaga and W. Lencer, unpublished data). In addition, immunoelectron microscopy supports this conclusion (Thyberg, 2000) . We propose that the ring of B subunits Discussion binds to the ganglioside GM1 at the cell surface, and that this interaction remains intact all the way to the ER. Our results provide insight into the pathway of cholera toxin from its synthesis in bacteria up to its arrival in Upon reaching the Golgi, the A2 subunit located in its central pore would interact through its C-terminal KDEL the lumen of the ER in mammalian cells, where its A1 fragment is released from the rest of the toxin and unsequence with the multispanning KDEL receptor and allow retrograde transport of the holotoxin into the ER. folded in preparation for its translocation into the cytosol. Using a biochemical fractionation approach that A similar model has been proposed for related toxins (Hazes and Read,1997). made no assumptions about the nature of the unfolding activity in the ER, we found that PDI is responsible for Once in the ER, PDI binds to the A1 chain and causes it to unfold, but it leaves the ring of B chains intact. the major activity and that it is acting as a redox-driven chaperone. These results have implications for the speOur experiments suggest that reduction of the disulfide bridge between the A1 and A2 fragments occurs in a cific pathway of cholera toxin, for the role of PDI in retrograde transport of proteins across the ER memsubsequent step. The A1 chain is then released and (F) Purified mammalian PDI (3.5 M) was incubated with 1 mM GSH, modified with iodoacetamide, and dialyzed (PDI modification). Modified PDI, and as a control unmodified PDI, were then incubated with 30 mM GSSG and isolated A subunit (70 nM), followed by incubation with trypsin (100 g/ml). Samples were analyzed as in (A).
in our in vitro experiments. Some redox-depencontaining an A subunit lacking cysteines (C187S, C199S). This mutant was less stable than the wild-type dent peptide binding of DsbA or other members of the thioredoxin family seems possible, however, given that protein, as evidenced by its sensitivity to trypsin in the absence of PDI (data not shown). It elicited an attenuthioredoxin itself binds T7 DNA polymerase in the reduced, but not oxidized state (Adler and Modrich, 1983). ated Cl
(G) Purified mammalian PDI (3.5 M) was incubated in either 1 mM GSH or 1 mM GSSG with trypsin (100 g/ml) or chymotrypsin (500 g/ ml). Samples were analyzed by nonreducing SDS-PAGE followed by immunoblotting with an antibody against PDI. transported into the cytosol, while the A2 chain likely remains bound inside the intact B-ring. so also in the retrograde direction. Unfolded A1 chain may be generated by PDI close to the Sec61p channel, even though the enzyme is present at high concentra-A Role for PDI in Retrograde Transport? It is uncertain whether the A1 fragment of cholera toxin tions throughout the ER. Since PDI needs to be in the reduced state to unfold the toxin, and since the oxidized is translocated in an unfolded conformation across the ER membrane. However, the Sec61p channel transports form is predominant in the ER lumen (Frand and Kaiser, 1999), one could imagine that the reduced form would only unfolded or loosely folded proteins into the lumen of the ER, and it is therefore possible that it would do be generated locally by a PDI reductase that is associ- Other data also support the view that PDI and related enzymes play a role in the initiation of retrograde trans-PDI. It is, of course, also conceivable that the unfolded A1 subunit is transferred from PDI to a downstream port across the ER membrane. Mutants of PDI, in which the putative peptide binding domain was perturbed, led chaperone prior to being translocated through the channel. In any case, since the A1 chain can spontaneously to defects in the retrograde transport of unfolded proteins from the ER into the cytosol (Gillece et al., 1999). refold after release from PDI into buffer, there may be a mechanism that prevents folding before the protein More recently, it was found that overexpression of Eug1p, a homolog of PDI in yeast, suppressed the defect has reached the cytosol.
An increase in the concentration of reduced PDI would in retrograde transport seen with certain Sec61p mutants (R. Schekman, personal communication). It is also be expected to result in more unfolded A1 being offered to the Sec61p channel and could thus explain why more interesting that US11, a protein triggering retrograde transport of MHC class I molecules in cytomegalovirus toxicity was observed upon addition of a reducing reagent to intact cells. According to our model, extremely infected cells, has a Cys-XX-Cys motif similar to that in thioredoxin. reducing conditions in the ER would also be expected to be inhibitory because they would prevent the release of PDI from its substrate. However, we determined that PDI: a Member of a Novel Class of Chaperones Our results demonstrate that PDI binds polypeptide subunder our experimental conditions, only a fraction of PDI became reduced, while most of it remained oxidized strates in the reduced, but not oxidized state. The redox state affects PDI, rather than the substrate, and results (data not shown). Interestingly, several proteins in the ER are rapidly degraded when reducing reagents are in a conformational change, consistent with the idea that it would be more compact in the reduced state. We therefore propose that PDI is a chaperone that changes its affinity for substrates during cycles of oxidation and reduction of its disulfide bridges. These cycles were previously thought to be linked exclusively with the oxidation or reduction of cysteines in substrates. PDI has been regarded as a chaperone before because it could prevent aggregation of proteins and bind peptides in vitro (Song and Wang, 1995; Gilbert, 1997; Klappa et al., 1997). Our results demonstrate that the peptide binding affinity is regulated by the redox state of PDI. Although PDI functioned as an "unfoldase" in our experiments, it is probably different from real unfoldases of the Hsp104/ClpA family of ATPases. The latter form rings around a polypeptide substrate and "walk" along them, leaving behind an unfolded polypeptide chain. PDI, on the other hand, may simply bind to an unfolded polypeptide domain, rather than causing a folded protein to unfold.
How the chaperone function of PDI is coordinated with its previously characterized oxidoreductase activity is unclear. PDI can act both as an oxidase to form disulfide bridges in newly synthesized proteins as they is misfolded. As in the case of cholera toxin, PDI may first bind in its reduced state to the substrate and then affect the reduction of misformed disulfide bridges. chaperone. A cytosolic protein with a thioredoxin-conWhen it acts as an oxidase, PDI in its oxidized form taining motif, Hsp-33, has been identified as a chapercould bind to the reduced polypeptide substrate with one whose substrate interaction is affected by its redox low affinity. It would then oxidize the cysteines of the state (Jakob et al., 1999) . In this case, however, it is substrate and become reduced itself, thus being conthe oxidized, rather than the reduced form that strongly verted into the more strongly binding conformation. The binds to substrates. Since reducing conditions prevail interaction energy could be used to drive oxidation of in the cytosol, these results are in agreement with our the substrate. Reoxidation of PDI would occur by its hypothesis that it is always the more abundant form of upstream partner enzyme Ero1p and would result in the a chaperone that makes weak contact with a substrate. release of the substrate (Pollard et al., 1998; Frand and Hsp-33 was thought to function primarily under oxidaKaiser, 1999). tive stress to rescue misfolded proteins, but it is a constiThe redox-regulated binding cycle of PDI is remarktutive protein and a significant percentage of it is in the ably similar to the ATP binding cycle of conventional oxidized state even under resting conditions (Jakob et chaperones (Figure 7 ). In the case of Hsp-70, for examal., 1999). We therefore propose that it belongs together ple, the substrate initially interacts with the ATP form of with PDI to a novel family of chaperones whose binding Hsp-70, which has an open peptide binding pocket (for cycle is regulated by its redox state. review, see Bukau and Horwich, 1998 bated with either BSA, ER lumenal extract (2 mg/ml), cytosolic extract (2 mg/ml), purified mammalian or yeast PDI (3.5 M) in the Experimental Procedures presence of GSH (1 mM) or GSSG (1 mM) for 30 min at 30Њ C. Trypsin (0.1 mg/ml) was added for 30 min at 4ЊC and the reaction was Materials stopped by the addition of 1 mM L1-chlor-3-(4-tosylamido)-7-The A subunit of cholera toxin and human brain calmodulin were amino-2-heptanon-hydrochloride (TLCK) for 10 min at 4ЊC. Samples purchased from Calbiochem, mammalian PDI from Takara Biomediwere analyzed by nonreducing SDS-PAGE followed by immunoblotcals, and antibody against mouse calmodulin from Upstate Biotechting with a toxin antibody. nology. Purified bacterial DsbA and antibodies against mammalian PDI were gifts from Dr. James Bardwell (University of Michigan, MI)
Immunodepletion of PDI and Dr. Hidde Ploegh (Harvard Medical School, MA), respectively. 100 l lumenal extract was incubated with 10 l PDI antibodies Cholera toxin antibodies directed against the A and B subunits were overnight at 4ЊC, followed by addition of 20 l protein A Sepharose described previously (Lencer et al., 1997) .
beads. Mock-depletion was performed without antibodies. 
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